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EDITORIAL REVIEW
Thyroid hormones and renal transport: Cellular
and biochemical aspects
The thyroid hormones tri-iodothyronine (T3) and thyroxine
(T4) are found in all vertebrates, but it is only in the homeo-
thermic animals that most of the effects are observed [I]. These
include stimulation of 02 consumption, effects on growth and
maturation, regulations of sugar, and lipid metabolism. The
hormones furthermore influence mineral metabolism and the
distribution of water and electrolytes between body fluid com-
partments. This paper will review the action of thyroid hor-
mones on the kidney with particular emphasis on the biochem-
ical and biophysical aspects of thyroid hormones action on
transport processes of well—defined tubular segments and cell
membranes. Moreover, we will discuss the role of thyroid
hormones in regulating renal cell growth and differentiation.
Finally we will outline a working hypothesis for the action of
thyroid hormones on the kidney with specific indication of their
role in modulating trans-epithelial transport processes.
For an in depth analysis of the clinical aspects of the effect of
thyroid hormones on kidney function and electrolyte metabo-
lism, the reader is referred to other reviews [2—4] which have
been published recently.
General considerations
The understanding of the effect of thyroid hormones on renal
function is complicated by several factors. One is that primary
cellular events can be modified by systemic changes in hemo-
dynamic parameters that maintain excretory balance. The sec-
ond point is the axial and longitudinal heterogeneity of the
nephron which leads to intratubular compensation of hormonal
alterations induced in specific tubular segments. Another prob-
lem in developing a unifying hypothesis for the action of thyroid
hormones on renal functions is that different investigators have
used vastly different experimental conditions. In order to be
able to compare the findings present in the literature it is first
necessary to carefully define the state of the animals and the
extent and mode of hormone application. This is attempted in
the next section.
Experimental approaches
In preparing hypothyroid animals, ideally the thyroid glands
of the animal should be selectively removed. This is easily
possible in the rabbit where parathyroid glands and thyroid
glands are anatomically separated; in the rat autotranspianta-
tion of the parathyroid glands into the neck muscles is possible
which leaves the parathyroid system unaltered. If rats are used
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where, due to the close association between the glands, simul-
taneously parathyroidectomy and thyroidectomy have been
performed surgically, one has to replace PTH or add CaCl2 to
the drinking water in order to minimize changes in calcium and
phosphate metabolism. Also the induction of hypothyroidism
by using high doses (1 mCi) of 131jmay damage the parathyroid
glands to a certain extent, as evidenced by the tendency of the
calcium blood levels to decline after 13hI treatment. It is
currently not possible to ignore the fact that after parathyroid-
ectomy the response of renal cells to thyroid hormones is
modified. The same holds for the use of the antithyroid drugs,
propyithiouracil or aminotriazole, which are known to exert
non-specific side effects.
The hypothyroid state of an animal can be documented by the
following criteria: failure to gain weight as rapidly as controls,
decreased heart rate, decreased metabolic activity, low blood
levels of T3, T4, and high blood concentration of TSH. The
integrity of parathyroid hormone system can be checked by the
determination of the calcium and PTH concentration in the
plasma, although the latter is not easily performed in the rat.
With regard to the duration of experimental hypothyroidism
one has to take into account the turnover ofT3 in the animal. In
rabbits and rats, two weeks are required to obtain T3 free
animals. The same time period suffices to reduce the T3 level
significantly by antithyroid drugs. In the following, animals
studied within this two week period will be referred to as
short—term hypothyroid, while animals kept without T3 for a
more extended time will be referred to as long—term hypothy-
roid. This distinction is important because, as will be shown
below, the response of the kidney to thyroid hormones depends
on the duration of the hypothyroid state. In addition long—term
hypothyroidism is associated with increased levels of plasma
lipids, changes in hemodynamics and probably alterations in the
plasma level of other hormones [5—6].
Hormone application should be aimed to obtain physiological
plasma levels of the hormone. In this regard the plasma level of
T3 and TSH should be monitored. In the rat no more than 3 to
10/pg/kg body weight per day should be administered [71; in the
rabbit similar doses should be used. Most of the studies have
been performed using a 50-fold higher dosage. The animals of
the latter study should be regarded as undergoing transition
from hypothyroidism to hyperthyroidism rather than from
hypothyroidism to euthyroidism. Therefore, treatment with low
doses and with high doses will be distinguished. Since, as will
be shown below, T3 changes cellular functions in just 12 to 24
hours after administration, the duration of hormone application
and the time course of the response are also critical parameters
in comparing studies from various investigators.
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Effects on whole kidney function
Long—term hypothyroidism causes significant changes in
renal hemodynamics and in the renal handling of salt and water.
In the hypothyroid experimental animal the changes in renal
function include: (a) increased urine flow rate and increased
water intake [8], (b) reduced GFR with diminished effective renl
plasma flow and increased filtration fraction [9, 10], (c) inability
to produce maximally concentrated or diluted urine [11—13], (d)
reduced cortico-papillary tissue concentration gradients for
urea [14, 15], (e) impaired urinary acidification [16, 17], (1)
aldosterone—independent natriuresis which is exaggerated by
water ingestion and mannitol or saline infusion [12, 18], and (g)
reduction in proximal tubule fluid and phosphate reabsorption
[9, 19, 20].
Hypothyroid humans also exhibit numerous defects in renal
function that are similar to those found in experimental animals
[2]. In addition, humans develop myxedema which is accompa-
nied by a marked thickening of the basement membrane in the
glomeruli [21]. These changes contribute to the decrease in
renal plasma flow and glomerular filtration rate found in hypo-
thyroid patients [22, 23].
Although clinically a severe impairment of renal function in
humans is unusual, it should be stressed that most of the
described abnormalities improve after administration of thyroid
hormone. In uncomplicated thyrotoxicosis, on the other hand,
glomerular filtration rate, renal plasma flow, and tubular reab-
sorptive and secretory ability are usually increased [24, 25]. The
clinically, most sigificant manifestation in the course of hyper-
thyroidism is hypercalcemia [261. It is usually moderate and
produces little, if any, secondary renal pathology or dysfunc-
tion. Occasionally, however, serious renal damage occurs. This
damage is characterized by a substantial impairment of renal
concentrating ability and, occasionally, may result in decreased
renal function, hypertension or renal tubular acidosis [27, 28].
Effects on single nephrons
At the present time only studies on rat proximal tubule are
available [9, 19, 29]. They have been performed using micro-
puncture techniques in a model of long—term hypothyroidism.
The results are summarized in Table 1. Using TF/P inulin as a
marker of proximal tubule sodium reabsorption Michael et al [9]
found a 28% decrase in JNa• These findings could not be
explained by an adaptation phenomenon to a decrease in
SNGFR, or by a decrease in the secretory rate of aldosterone
secretion. Moreover, they were not related to chronic expan-
sion of extracellular volume or to changes in peritubular Star-
ling forces. Therefore, the authors concluded that the decrease
in Na was directly related to the lack of thyroid hormones. This
was confirmed by De Santo et al [19] who, by using the
shrinking droplet method, could not only demonstrate the T3
dependence of the proximal fluid sodium reabsorption, but also
the presence of a defect in sodium coupled L-histidine transport
in hypothyroid rats (Table 1). When time—course substitution
studies were performed, it was observed that the administration
of T3 induced a fast, dose and time—dependent increase in L.
The increment was already detectable after 24 hours, but even
after six days of hormone substitution J, did not reach the value
found in euthyroid animals [29].
Table 1. Effect of thyroid hormones on transport properties in
proximal tubules of longterm hypothyroid rats (TX)
Na transport Effect Refs.
No hormone substi- 28% decrease in sodium re- 9
tution absorption (TF/P inulin)
No hormone substi- 70% decrease in J (split 19
tution droplet method)
50 pg/kg body wt T3
I day 83% increase 29
2 days
4 days
86% compared to TX
107% (split droplet method)
7 days
7 days
135%
65% restoration compared
to euthyroid
19
10 pg/kg body wt 13
1 day
2 days
37% increase
43% compared to TX
29
4 days 100% (split droplet method)
4 days 60% restoration compared
to euthyroid
Histidine transport
No hormone substi- 20% decrease 19
tution
50 zgIkg body wt T3 full restoration 19
(7 days)
Effects on development and growth
Thyroxine has received wide attention as possible trigger of
developmental changes in newborn rats because its circulating
concentration rises significantly during the second postnatal
week [30].
Thyroid deficiency is accompanied by a delay in kidney
growth and in kidney maturation in young rats, and by a
decrease in the kidney size in adult animals [31, 31. These
effects are reversed by administration of physiological amounts
of T3 and T4. Overall renal growth is much more markedly
affected than total body growth in young rats. On the other
hand, body growth is much more markedly accelerated by
thyroid hormones in the hypothyroid than in euthyroid animal
[3]. In the long—term hypothyroid rat the decrease in kidney size
and weight involves all nephron segments in the cortex and
outer medulla and is especially pronounced in the medullary
thick ascending limb. Morphometric analysis revealed a signif-
icant decrease in the cross—sectional area of the medullary thick
ascending limb (MAL) in both the inner and outer stripe of the
outer medulla. No changes were observed in the surace density
of either the apical or basolateral plasma membrane. However,
when calculated per millimeter tubular length there was a
significant decrease in the surface area of both the apical and
basolateral plasma membranes of MAL in long—term hypothy-
roid animals. Treatment with T4 prevented the reduction in
tubule cross—sectional area and in the surface area of the plasma
membranes [32].
Thyroid hormones have also been associated with impair-
ment of the renal response to unilateral nephrectomy. Renal
compensatory growth after unilateral nephrectomy does occur
in hypothyroid rats, but to a lesser extent than in euthyroid
animals [33]. In hypothyroid animals the compensatory re-
sponse involves an increase in cell size, since the DNA content
of the kidney does not change but the protein/DNA ratio
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increases in the compensating kidney [34]. On the other hand
the administration of thyroxine enhances renal compensatory
growth mainly through an increase in cell number, since the
DNA content rises, but the protein/DNA ratio does not change
in the compensating kidney. It is not known, however, whether
the different parts of the nephron respond uniformly to the
hormonal or compensatory stimulus.
Although it is reasonable to suppose that kidney epithelial
cells have a requirement for thyroid hormone as a growth
factor, it is also important to note that the long—term hypothy-
roid state is associated with a reduction of glomerular filtration
rate [9, 10, 35] and proximal tubular reabsorption of sodium [9,
19]. Since GFR seems to be the key determinant of the
compensatory response [36—38] it is also possible that the effect
of thyroid hormone on kidney growth is secondary to the
increased tubular load. However, in time course experiments it
was found that in long—term hypothyroid rats after a single
injection of a large dose of T3, the increase in RNA/DNA and
protein/DNA ratios preceded the increase in PAH clearance
and renal sodium reabsorption, suggesting a direct effect of T3
on renal cortical growth [39].
The isolated microdissected rabbit tubules T3 also has been
found to play an important role in the outgrowth, multiplication,
and differentiation of the tubular cells in primary culture. Thus,
in cortical collecting tubules, T3 at 10— M increases Na,
K-ATPase activity and transepithelial voltage [40].
Another role of thyroid hormones during development is their
'permissive action" with regard to the effect of other hormones
on cellular functions. Thus T4 seems to play an important
permissive role for glucocorticoid hormones in controlling the
rate at which sucrase activity in the intestine rises to adult
levels [41]. T4 also plays a role in the ontogeny of serum
corticosteroid—binding globulin (CBG) and corticosterone. The
postnatal increase in serum T4 concentration causes the devel-
opmental rise of both CBG and corticosterone in the rat [42]. As
a result of these interrelationships the ultimate control of many
developmental events shown to be triggered by corticosterone
in the rat might actually be related to the increasing concentra-
tion of T4 that occurs during the early postnatal period.
Effects on energy metabolism
The activation of metabolism is the most conspicuous effect
of the thyroid hormone and is called its calorigenic effect.
Complete thyroidectomy leads to a decrease in basal metabolic
rate. All tissues except brain, testes and spleen appear to take
part in this reduction of metabolism. The action of thyroid
hormone on the kidney is of particular interest because, al-
though the kidney contributes only approximately 0.5% of the
body weight in mammals, the process of reabsorption of sodium
is energetically demanding, and as a result the kidney ordinarily
accounts for about 10% of whole body 02 consumption [43].
Since the mitochondria have a crucial role in energy metabolism
they have been considered as possible subcellular locus of
thyroid hormone action.
In earlier reports thyroid thermogenesis was attributed to
uncoupling of oxidative phosphorylation, which would result in
an elevated, mitochondrial oxygen consumption without a
corresponding increase in ATP synthesis [44—46]. This uncou-
pling effect might explain some toxic manifestations of exces-
sive amounts of thyroid hormone; however, the uncoupling
hypothesis is hardly adequate to account for other thyroid
hormone effects such as the stimulation of growth, for example.
Thus the uncoupling theory has been generally discarded. Since
under conditions of tight mitochondrial coupling between ATP
production and ATP utilization a sustained increase in respira-
tion and metabolic rate can only be brought about by a
concomitant increase in ATP utilization, and since the active
Na transport uses a high proportion of the cellular energy
supply, it was proposed that a large part of the calorigenic effect
of the thyroid hormones could be accounted for by a stimulation
of the Na pump [47, 48]. The mechanism proposed envisioned
an increase in ATP hydrolysis linked to active extrusion of Na
by the Na pump, which in turn would stimulate mitochondrial
respiration. This hypothesis has been confirmed by data dem-
onstrating that acute administration of T3 to long—term hypo-
thyroid rats elicited similar time—dependent and dose—depend-
ent increases in total oxygen consumption, ouabain—dependent
respiration, a-glycerophosphate dehydrogenase activity, and
Na,K-ATPase activity in liver and kidney [49]. The increase in
Na,K-ATPase represented an increase in the number of Na,K-
ATPase units [50]. Also in rat skeletal muscle, small intestine,
salivary glands, and cardiac muscle, Na,K-ATPase activity
increased significantly in the transition from the hypothyroid to
the euthyroid and to the hyperthyroid state [5 1—54]. Under
similar conditions the activities of succinate dehydrogenase and
cytochrome c increased in a variety of tissues including the
kidney [55].
Effects on plasma membrane composition
Enzyme composition
With respect to the activity of membrane enzymes and
thyroid hormones great emphasis has been placed on alkaline
phosphatase. In the kidney the enzyme is localized in the brush
border membrane of the proximal tubule. The administration of
high doses of thyroid hormones to long—term hypothyroid rats
leads to a decrease in alkaline phosphatase activity in kidney
cortex homogenates [56], which was even more pronounced in
isolated brush border membranes [56, 57]. The physiological
implication of this finding is unclear since the functional role of
the alkaline phosphatase has not yet been elucidated. The long
maintained notion that the activity of this enzyme and the
transport of inorganic phosphate across the brush border are
correlated has been recently questioned by several investiga-
tors [58]. It remains to be established whether the observed
decrease in enzyme activity is due to a reduction of the number
of enzyme molecules or a change in the turnover rate of the
individual molecules. Changes in the latter can be induced by
alterations in the lipid environment of the molecule. Since
long—term thyroidectomy is associated with changes in the lipid
metabolism of the body it is a tempting possibility that the
fluidity of brush border membranes changes in parallel and
thereby alters the turnover rate of the alkaline phosphatase. A
regulation by lipid fluidity of the activity of membrane—bound
enzymes and membrane—bound transport systems has been
described in a variety of instances [59—6 11.
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Table 2. Effect of thyroid hormones on Na,K-ATPase in microdissected tubular segments
1'CT PST MAL CCT MCT
Long—term Short—term Long—term Short—term Long—term Short—term Long—term Short—term Long—term Short—term
Treatment TX TX TX TX TX TX TX TX TX TX
No substitution
Rabbit 40% de- 40% de-
creased creased
activity activity
decreased 70% de-
activity creased
activity
decreased no change
activity
65% de-
creased
activity
65% de-
creased
activity
decreased
activity
80% de-
creased
activity
Rat 60% de- 40% de-
creased creased
activity activity
60% de- no effect
creased
activity
no effect ND.
High dosage
100-500 g/
kg/day
Rabbit complete
restora-
tion after
48 hours
complete
restora-
tion after
48 hours
no change complete
restora-
tion after
48 hours
complete
restora-
tion alter
48 hours
Rat after 2
weeks
Low dosage
3—10 /.Lg/kg/
day
Rat 3 days no
change
3 days no
change
Rat 7 days par-
tial res-
toration
(75% of
control)
7 days par-
tial res-
toration
(70% of
control)
Abbreviations are: PCT, proximal convoluted tubule; PST, proximal straight tubule; MAL, medullary thick ascending limb; CCT, cortical
collecting tubule; MCT, medullary collecting tubule; TX, hypothyroidism; Long—term TX, hypothyroidism lasting more than two weeks; Short—
term Tx, hypothyroidism lasting less than two weeks; N.D., not determined.
The data have been taken from references 64 to 66 and Note added in proof.
Effects on specific transport systems
Na,K-ATPase
Most of the studies on the effect of thyroid hormones on
Na,K-ATPase have been performed on kidney homogenates or
membrane fractions prepared from them. Due to the heteroge-
neity of Na,K-ATPase distribution along thhe nephron [62—63],
however, no definite conclusions on the response of the Na,K-
ATPase in single nephron segments could be drawn from these
experiments. The studies performed on the effect of thyroid
hormones on the Na,K-ATPase activity in microdissected
tubular segments are summarized in Table 2. It is evident from
this table that the response of the various tubular segments is
different and markedly affected by the duration of the hypothy-
roid status of the animal. In short—term hypothyroid rabbits a
decreased activity of Na,K-ATPase is found in the proximal
convoluted tubule, proximal straight tubule, cortical collecting
tubule, and medullary collecting tubule. In all other segments
no change in Na,K-ATPase activity was found [64]. Similarly,
in short—term hypothyroid rats the enzyme activity decreased
only in the proximal convoluted tubule [65]. In all these
segments the Na,K-ATPase activity could be restored within 48
hours to normal values when T3 was administered to the
animals in high doses (100 to 500Ig/kg x day). In long—term
hypothyroid animals all segments of the nephron exhibit re-
duced Na,K-ATPase activity in rabbit (Note added in proof) as
do the rat kidney proximal convoluted tubule and proximal
straight tubule [66]. The fall in enzyme activity can be pre-
vented if the animals receive T3 during the period of
hypothyroidism. The time couse of restoration of enzyme
capacity in rat proximal tubule has been studied in detail in
parallel to the measurements of J,,, mentioned above [66]. At a
low dosage, which restores the physiological T3 level, Na,K-
ATPase activity remained low for at last three days; after seven
daily injections the enzyme activity reached about 75% of the
control level. This time course differs markedly from the time
course of restoration of sodium transport in the same tubules.
Sodium—cotransport systems
In view of the well—established importance of sodium co-
transport in the function of the proximal tubule [67] the effect of
thyroid hormones on several sodium cotransport systems was
investigated in isolated brush border membrane vesicles. The
results of these experiments are compiled in Table 3.
Since it is known that excess of thyroid hormones is associ-
ated with hyperphosphatemia related to an increase in renal
tubular phosphate reabsorption independent from PTH or cal-
citonin [20], several investigators focused on the Na phosphate
cotransport system [57, 68, 69]. It was found that brush border
membranes from hypothyroid rats had a lower capacity of Na
gradient—dependent phosphate uptake than vesicles isolated
from hyperthyroid animals [57]. Similarly, in short—term hypo-
thyroid rats an extremely high dosage of T3 (1 mg/kg body wt for
4 days) increased the Ymax of the sodium phosphate cotransport
system by 25% and decreased the affinity of the transport
system by 15%. It is interesting to note that this change was
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Table 3. Effect of thyroid hormones on renal sodium—cotransport systems
Treatment
Tubular segment
PCT PST
Long—term TX Short—term TX Long—term TX Short—term TX Refs.
Na/H exchanger
No hormone substitution decreaseda 68
high dosage (1 mg/kg 4 days 30% in- 69
body wt) crease
hyperthyroid no change Sabolic et al
hyperthyroid increased 68
low dosage (3—10 pg/kg 3 days no 71
body wt) change
Na/P1 cotransporter
high dosage (1 mg/kg no change 4 days 25% in- 57, 68
body wt) crease in
Vmax 15%
decrease in
P1 Vn,ax
hyperthyroid versus hy- increased 68
pothyroid
All the experiments were performed in rats. Abbreviations are: PCT, proximal convoluted tubule, mixture of S1 and S2 segments; PST, proximal
straight tubule, mixture of S2 and S3 segments.
a segment not separated, mainly PCT
only observed in brush border membranes isolated from prox-
imal straight tubules [69]. The relevance of these data to the
overall renal handling of phosphate was evident from the
decrease in phosphate clearance after hormone administration.
In interpreting the above results one has to keep in mind that
the effects occurred after administration of high doses of
thyroid hormones. It remains to be determined whether similar
responses can be evoked by physiological levels of thyroid
hormone or whether these effects are manifested only in long—
term hypothyroidism or hyperthyroidism.
Sodium/hydrogen ion exchange plays a major role in sodium
reabsorption as well as in proton secretion in the proximal
tubule [70]. In brush border membrane vesicles isolated from
long—term hypothyroid rats the Na/H exchange activity, that is,
amiloride—sensitive Na and H fluxes, were decreased in hypo-
thyroid rats, while it increased in hyperthyroid rats relative to
euthyroid animals. A positive correlation between Na/H ex-
change activity in isolated brush border vesicles and serum
concentration of T4 and T3 was postulated, although even using
a semilogarithmic plot the scatter of the data was quite high
[68]. Yusufi et a! demonstrated that in short—term hypothyroid
rats a large dose of T4 given for four days increased Na/H
exchange in brush border membrane vesicles isolated from the
outer cortical zone (proximal convoluted tubule) but not in
membrane vesicles prepared from the juxtamedullary cortex
[69] (Table 3).
In brush border membrane vesicles isolated from long—term
hypothyroid rats treated for three days with low doses of T3,
Capasso et al were unable to demonstrate any statistically
significant changes in the amiloride—sensitive Na uptake via
the Na/H exchanger compared to untreated hypothyroid rats
[71]. Therefore, the effect of thyroid hormones on Na/H ex-
change might be critically dependent on the hormone concen-
tration and the duration of administration. The different results
might also be due to differences in the experimental procedures.
In the two former experimental setups [68, 69] Na/H ex-
changer activity was determined in the presence of a proton
gradient (pH1 = 5.5, pH0 = 7.4). In the latter experiment [71] no
pH gradient was present. Moreover, when the Na/H ex-
change was measured in brush border membrane vesicles
obtained from euthyroid or long—term hyperthyroid animals
under "short circuit" conditions, with high K concentrations
at both sides of the vesicle membranes and in the presence of
valinomycin, no difference in electroneutral Na/H exchange
was found (Sabolic et al, personal communication).
It should be mentioned that also the effect of thyroid hor-
mones on sodium—glucose, sodium—proline, and sodium—histi-
dine cotransport has been investigated in isolated brush border
membrane vesicles. No change in transport activity was ob-
served under any experimental condition [57, 68, 69, 71].
Conductive pathways in plasma membranes
About twenty years ago Adamson and Ingbar suggested that
short—term treatment of cells or animals with low doses of T3
can lead to modifications of membrane transport processes
without involving de novo synthesis of membrane components
[72]. Further studies demonstrated that the effect was evident
within 20 minutes and was accompanied by an increase in
intracellular calcium and an increase in intracellular cyclic AMP
levels [73—75]. More specifically, Haber and Loeb demon-
strated in rat diaphragm and in liver cells that single adminis-
tration of a high dose of T3 to euthyroid rats increased the
potassium permeability of the cell membranes well before a rise
in Na,K-ATPase activity was observed [76—77]. After adminis-
tration of low doses ofT3 for two weeks to long—term hypothy-
roid rats, rubidium efflux from liver cells also increased 55% in
the absence of any change of the Na,K-ATPase activity [78].
With regard to the effect of thyroid hromones on ion perme-
abilities of renal cells, to date only indirect studies on rat
proximal tubules are available. In micropuncture experiments
on long—term hypothyroid rats local application of the potas-
sium ionophore valinomycin to the luminal and contraluminal
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surface enhanced isotonic fluid reabsorption from 1.81 X 10-2
ni/mm X sec to 2.23 as measured by the split droplet technique.
This stimulation is equivalent to about 40% of the effect exerted
by T3 treatment on the tubule. In long—term hypothyroid
animals treated with low doses of T3, valinomycin had no effect
on isotonic fluid reabsorption [66. These data provide indirect
evidence that K permeability (probably in the contraluminal
membrane) is decreased after long—term hypothyroidism and
that it plays a critical role in the early effect of thyroid hormones
on the proximal tubule.
With regard to the sodium permeability, in brush border
vesicles isolated from long—term hypothyroid rats and long—
term hypothyroid rats treated with low doses ofT3 an identical
permeability for sodium was found independent of the accom-
panying anion. A minor role of changes in sodium permeability
in stimulation of J by thyroid hormones was also suggested by
the lack of amphotericin action on isotonic fluid reabsorption in
the proximal tubule of the same rats [711. In long—term hyper-
thyroid rats Sabolic et al observed an increase in sodium and
proton conductivity in isolated brush border vesicles. In these
animals, however, already a large increase in Na,K-ATPase
had occurred (Sabolic, personal communication).
Mechanism of action of thyroid hormones on renal function: a
synopsis
General considerations
In considering the above detailed observations one can try to
establish a working hypothesis for the action of thyroid hor-
mones on the kidney. In doing so three different actions can be
postulated to occur, which differ in their underlying biochemi-
cal events, in their time course, and in their specficity of the
target cell (Fig. 1).
The first distinct action of thyroid hormones is their role in
supporting the growth and differentiation of renal cells in vitro
and in vivo during postnatal development, after partial nephrec-
tomy and in adult rats. This effect includes hypertrophy and
hyperplasia of the cells and involves as one factor a permissive
role of thyroid hormones for the action of growth factors and
other hormones such as glucocorticoids. This action is exerted
on all renal cells and has the slowest time course of all actions,
both after removal of the hormone as well as after the repletion
of long—term hypothyroid animals with thyroid hormones.
Therefore, short—term and long—term hypothyroid animals can
exhibit different functional defects because in the latter the
diameter of the tubules and the renal mass is already markedly
reduced. This reduction has to be taken into account when
interpreting data obtained on whole kidneys. Thus, for example
the 25% decrease of TF/Pjnu:jn observed in micropuncture
studies in long—term hypothyroid rats [9] (Table I) can easily be
explained by the decrease in tubular mass in the proximal
nephron. Recovery of cell mass and tubular diameter after
long—term hypothyroidism seems, however, not to be a prereq-
uisite for other actions of the thyroid hormones described
below.
After repletion of hypothyroid animals with thyroid hor-
mones—independent of the length of the hypothyroid period—
two other actions of the hormones can be distinguished. One is
an increase in membrane permeability for potassium (and
perhaps Na and H). This effect appears very early in the time
Fig. 1. Postulated action of thyroid hormones on the kidney. Symbols
are: ( ) sodium reabsorption; (- - -) ion permeability; (— • —)
Na,K-ATPase, Na cotransport systems; and (— 0 —) tubular mass.
course of hormone action and is most probably independent of
protein synthesis. We would like to propose as a possible
mechanism a modification of the properties of proteins already
inserted in the plasma membrane. The exact mechanism of this
modification is presently unknown; it is tempting to speculate,
however, that the increase in intracelluar calcium found in
thymocytes [741 also occurs in proximal tubule cells and leads
to an activation of the Ca-dependent K channels found in a
variety of epithelia.
In addition to the change in membrane conductivity a third
action of thyroid hormones can be noted. This action involves
the de novo synthesis of proteins, These proteins represent
enzymes of the oxidative metabolism (a-glycerophosphate de-
hydrogenase, succinic dehydrogenase, cytochrome C) and tran-
sport systems such as the Na,K-ATPase, and probably the
sodium—phosphate cotransport system and the Na/H ex-
changer. The stimulation of protein synthesis is strongly corre-
lated with the occupancy of the thyroid hormones receptors in
the cell nucleus; therefore, at high doses the increase in enzyme
activity is high and occurs early. When a lower dose is used the
increase is smaller and becomes evident after a longer lag
phase.
Action of thyroid hormones on the proximal tubule
The above—mentioned events can at least qualitatively ex-
plain the action of thyroid hormones on transport properties in
the proximal tubule of long—term hypothyroid rats (Fig. 1). First
let us consider the time course and extent of restoration of the
isotonic sodium reabsorption measured as L. There is an early
increase in transport which is not accompanied by an increase
in the total Na,K-ATPase activity determined in vitro. The
increase in transport without an apparent change in the maxi-
mum Na,K-ATPase activity can be explained by the following
assumptions. First, it has been shown that the Na,K-ATPase
activity in the intact cell in vivo only approaches 30% of the
activity found in vitro [79], that is the cell has reserve Na,K-
ATPase activity that under normal instances is not utilized [80].
Second, the rate of Na,K-ATPase activity in vivo is not only
determined by the number of enzyme molecules but also by the
rate of potassium recycling across the contraluminal membrane
[81]. Increased sodium transport therefore can be brought about
by an increase in potassium permeability of the contraluminal
V
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membrane, which in turn augments the activity of the Na,K-
ATPase in the cell and transepithelial sodium transport. In a
second phase, the activity of Na,K-ATPase measured in vitro,
and proportionally the activity in vivo, increases due de novo
protein synthesis, and concomitantly sodium reabsorption reaches
about 75% of the euthyroid level. The lack of complete resto-
ration of Na,K-ATPase activity and J,., (both expressed per
millimeter tubular length) using low doses of T3 can be ex-
plained by the decrease in tubular radius, that is, cell mass per
millimeter tubule, caused by the long duration of the hypothy-
roidism. Complete restoration can be expected when in a third
phase, general cell growth achieves normalization of the mor-
phological appearance and structural organization of the tubule.
In short—term hypothyroid animals where morphological
changes are absent, complete restoration of the Na,K-ATPase
activity would be expected, as observed by Barlet et a! [64] and
Garg et al [65]. With regard to the reduced tubular histidine
transport a restoration of transport was found in a phase where
the Na,K-ATPase was already increased [19]. Since in isolated
brush border membranes no difference in histidine transport
was found, the change observed in the intact cells is most likely
due to changes in driving forces for the histidine—sodium
cotransport system caused by the altered Na,K-ATPase activ-
ity.
Conclusions and perspectives
The studies reviewed above demonstrate that thyroid hor-
mones exert a general action on the kidney and specific actions
on defined tubular segments, on defined transport proteins and
enzymes involved in oxidative metabolism and on perme-
abilities of defined membranes. It also has become clear that the
action of thyroid hormone extends beyond its calorigenic action
in being a modulator of transepithelial transport. To the known
mechanism of action via de novo synthesis of proteins, post-
translational modification of membrane proteins has to be
added. This modification can account for the changes in mem-
brane permeability, the permissive action, and modulation of
cell development and growth.
From the review also some guidelines for future experiments
can be derived. The hormonal status of the animal has to be
clearly defined with regard to the duration of hypothyroidism
and with regard to the amount of hormone administered. In
addition, whenever possible, defined tubular segments should
be studied physiologically and biochemically. Further investi-
gations are also needed to understand the mechanism of the
rapid action of the hormones on cell membranes, and to define
the interplay of thyroid hormone and other hormones in regu-
lating transport, development and growth.
With the availability of microdissected tubules, primary
cultures of renal cells, and established renal cell lines with
retained differentiation, the tools are at hand to address these
questions. Thus, hopefully in the not too distant future it will be
possible to describe in more detail the chain of events compris-
ing the action of thyroid hormones on the kidney.
Note added in proof
Dr. Daucet has recently published his paper on Na,K-
ATPase in Pflugers Arch 407:428—431, 1986.
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